We report extensive relativistic multiconfiguration Dirac-Hartree-Fock calculations of oscillator strengths and hyperfine structures for a large number of electric dipole transitions in In II. Results for the 5s 2 1 S 0 -5s5p 3 P o 0 hyperfine induced transition are also presented. Core polarization is accounted for by means of explicit CI. To describe spin-polarization effects configuration state functions obtained by single excitations from all core-shells are included in the expansions. The computed oscillator strength for the 5s 2 1 S 0 -5s5p 3 P o 1 intercombination transition is in good agreement with laser spectroscopy measurements of In + ions in a radio-frequency trap. The calculated magnetic dipole hyperfine interaction constants agree very well with experimental constants derived from Fourier transform spectra. The problem with offdiagonal interactions affecting the hyperfine structures in closely spaced finestructure levels is discussed.
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Introduction
There are a number of highly accurate measurements of various spectral properties in In II. New wavelengths, energy levels and hyperfine structure constants for a large number of states have been derived from Fourier transform spectra [1] . The isotope structure of the 5s 2 1 S 0 -5s5p 3 P o 1 line has been studied by means of laser spectroscopy of ions in a radio-frequency trap [2] . In the same experiment the lifetimes of the 3 P o 1 and 3 P o 0 states were determined using intensitymodulated laser excitation. The decay of the 3 P o 0 state is strictly forbidden. However, for atoms with nuclear spin the hyperfine interaction opens decay channels through the admixture of 1 P o 1 and 3 P o 1 . This effect has been theoretically studied in a number of cases e.g. [3] [4] [5] , but there are only a few experimental values to compare with. The hyperfine structures of levels in the 5s 2 1 S 0 -5s5p 3 P o 1 and 5s5p 3 P o 1,2 -5s6s 3 S 1 transitions were accurately determined by Larkins and Hannaford [6] using a high-resolution scanning echelle monochromator. In addition to these measurements, there are also beam-foil measurements corrected by the arbitrarily normalized decay curve (ANDC) technique of lifetimes for 12 states [7] .
During the years there have been several calculations of transition probabilities using different methods. Among the more recent efforts we mention the work by Hibbert [8] , Migdalek and Baylis [9] , Migdalek and Bojara [10] , Das and Idrees [11] , Chou and Huang [12] , Chou et al [13] , Lavin and Martin [14] , Biémont and Zeippen [15] and Biémont et al [16] . To the knowledge of the authors hyperfine structures and isotope shifts have so far not been theoretically investigated.
Indium is also of astrophysical interest. Indium shows the largest discrepancy between the photospheric and meteoritic values of abundance among all elements with Z > 3 [17] . The photospheric value is determined from a single In I line at 451.1 nm in the solar spectrum and one may suspect that unidentified blends cause the discrepancy. No In II lines have been identified in the solar spectrum even though such lines could be expected due to the low ionization energy of In I.
The purpose of the present work is to improve and complement the dataset for In II and to explore the capacity of the grasp2K multiconfiguration Dirac-Hartree-Fock package [18] to predict oscillator strengths and hyperfine structures in 'spectrum calculations' including states high up in the Rydberg series.
Theory

MCDHF
The multiconfiguration Dirac-Hartree-Fock (MCDHF) method [19] , as implemented in the grasp2K program package [18] , was used in the present work. Starting from the DiracCoulomb Hamiltonian
where V N is the monopole part of the electron-nucleus Coulomb interaction, the atomic state functions were obtained as linear combinations of symmetry adapted configuration state functions (CSFs)
Here J and M J are the angular quantum numbers and P is the parity. γ denotes other appropriate labelling of the configuration state function, for example orbital occupancy and coupling scheme. Normally the label of the atomic state function is the same as the label of the dominating CSF. The configuration state functions were built from products of oneelectron Dirac orbitals. In the relativistic self-consistent field procedure both the radial parts of the Dirac orbitals and the expansion coefficients were optimized to self-consistency. The Breit interaction
was included in subsequent configuration interaction (CI) calculations [20] .
Isotope shift
Corrections to the calculated energy structure due to isotope-dependent recoil motion of the nucleus and finite nuclear volume effects were included in first-order perturbation theory with the atomic state functions as zero-order functions. The corrections can be written as
where
and
are, respectively, the normal and specific mass shift parameters and
the electron density at the site of the nucleus [21] . M is the mass of the nucleus and r 2 M is the root-mean-square radius, both in atomic units. From these quantities, the transition isotope shift E M ,M between two isotopes M and M was obtained as
where the differences in the electronic quantities are between the values of upper and lower levels in the transition.
Hyperfine structure and Landé factors
The two stable isotopes of indium, 115 In (95.7 %) and 113 In (4.3 %), both have nuclear spin I = 9/2 and the fine-structure levels are split into closely spaced hyperfine levels. The splittings of the fine-structure levels are to first order given by the magnetic dipole A J and electric quadrupole B J hyperfine interaction constants:
The hyperfine levels of closely spaced fine-structure levels are also affected by the off-diagonal hyperfine interaction [22] . The hyperfine interaction constants as well as the Landé g J -factors
were calculated using the HFSZEEMAN program [23, 24] . The nuclear magnetic dipole moment µ I and the nuclear quadrupole moment Q were taken from a recent compilation by Stone [25] and we use the values µ I = 5.5408µ N and Q = 0.81(5) barns for 115 In.
Transition parameters
The transition parameters, such as weighted oscillator strengths, for multipole transitions between two atomic states P J M J and P J M J can be expressed in terms of the reduced transition matrix element
where Q (λ) kq is the electromagnetic multipole operator of order k in Coulomb or Babushkin gauge [26] . The superscript designates the type of multipole: λ = 1 for electric multipoles and λ = 0 for magnetic multipoles. To compute the transition matrix element between two atomic state functions described by independently optimized orbital sets, biorthogonal transformations of the atomic state functions were performed [27] . In the new representation, the evaluation of the matrix element was done using standard Racah-algebra techniques.
Calculations
Spectrum
It is, from some perspectives, desirable to perform separate calculations for each of the studied atomic states. This approach, however, is impractical and time consuming when considering large portions of a spectrum. In this work, the atomic state functions were instead determined simultaneously in extended optimal level (EOL) calculations on the weighted energy average of the states [28] . As a starting point two MCDHF calculations were performed in the EOL scheme: one calculation with 24 CSFs describing each of the even parity states up to 5s7d 1 D 2 , and one calculation with 20 CSFs describing each of the odd parity states up to 5s5f 1 F o 3 . These calculation were followed by calculations with expansions including CSFs obtained by single(S) and double(D) excitations from, respectively, the studied even and odd state reference configurations to active sets of orbitals. Of the excitations from the even and odd state reference configurations at most one was allowed from the outer 4d core-shell. The active sets for the even and odd parity states consisting of spectroscopic orbitals from the initial MCDHF calculations were consecutively enlarged by adding three layers of correlation orbitals. Each layer contained orbitals with s, p-, p, d-, d, f-, f symmetries. For the even states one layer also included orbitals with g-, g symmetries. For the odd states two layers included orbitals with g-, g symmetries and one layer contained orbitals with h-, h symmetries. Due to stability problems in the relativistic self-consistent field procedure only the outermost layers of orbitals could be optimized each time. The largest calculation for the even parity states included 49 relativistic orbitals and around 157 000 CSFs. The largest calculation for the odd parity states was based on 52 relativistic orbitals and more than 235 000 CSFs. All calculations were done on an ordinary PC under Linux.
The MCDHF calculations were followed by relativistic CI calculations including Breit and some QED effects. To account for spin-polarization which is important for the hyperfine interaction constants [29] , additional CI calculations were performed. The expansions for these CI calculations were obtained by augmenting the largest expansion from the previous CI calculations with CSFs generated by allowing single excitations from all shells of the initial reference configurations to the active set of orbitals.
Ground and first excited states
In EOL calculations, the included correlation orbitals correct a number of states at the same time. Obviously this will give less accurate results compared to the case where the correlation orbitals are obtained in separate calculations for each of the states. To check the accuracy of the spectrum calculations described above, separate calculations were performed for the 5s 2 states were treated together in an EOL scheme. The expansions for these states were obtained by allowing SD-excitations from the 5s5p and 5p5d complex to an active set. The active sets were increased by adding five layers of correlation orbitals. All calculations were followed by relativistic CI calculations including Breit and some QED effects. To account for spinpolarization additional CI calculations were again performed with the expansions from the previous CI calculations augmented by CSFs generated by allowing single excitations from all shells of the initial reference configurations to the active set of orbitals.
Results and discussion
Spectrum properties
The energy values from the different spectrum calculations are displayed in table 1. The inclusion of the three layers of correlation orbitals improves the initial energies dramatically. Although the Breit and QED effects in the CI calculations slightly act in the wrong direction, the final energies are in very good agreement with experiment. All levels except 5p 2 1 S 0 are a few hundred cm −1 too high relative to the ground level indicating that less correlation has been captured for the latter. In table 2 calculated hyperfine structure constants from the CI wavefunctions including spin-polarization are compared with experimental values of Karlsson and Litzén derived from Fourier transform spectra [1] . The calculated and experimentally determined A factors are in very good agreement. For the B factors the situation is different and in many cases there are substantial differences between theory and experiment. In the paper by Karlsson and Litzén it is, however, pointed out that for some levels different transitions did not give quite consistent results for the B factors and the given values, except for the lowest configurations, should therefore mainly be considered as parameters useful together with the A values for describing the observed structure in a model accounting only for diagonal hyperfine interaction. Details of the fitting procedures can be found in the thesis by Karlsson [30] . The large differences between the calculated and experimentally determined B factors indicate that the neglected off-diagonal hyperfine interactions are indeed important for some of the levels. The off-diagonal interaction shifts the positions of the hyperfine levels and, more important, leads to a redistribution of the oscillator strength that modifies the line profiles. The effect of the off-diagonal interaction has been investigated for the 4s4d 3 D-4s4f 3 F o transition in the homologous Ga II [22] and a similar study of the unanalysed lines of the 5s5d 3 D-5s4f 3 F o transition in In II is in progress [31] . In the last two columns of In table 4 the present values are compared with experiment and selected values from the semi-empirical HFR calculations by Biémont and Zeippen [15] . The values from the two calculations are in good agreement, the value for the weak 5s 2 1 S 0 -5s6p 1 P o 1 transition being an exception. For this transition the difference between the two gauges is also large, indicating difficulties of some sort. A survey of previous calculations can be found in table 5 of [15] . 
The resonance transition
In with experiment. The good overall agreement, however, strengthens our confidence in the spectrum calculations, indicating that these include the same correlation effects as do the calculations targeted for the individual states. In table 5 values from the HFR calculations of Biémont and Zeippen [15] and the HFR and MCDHF calculations of Biémont et al [16] are also presented. The MCDHF calculations include the same correlation effects as the present calculations but the 1 P o 1 state is separately optimized in one calculation and the three 3 P o states in another. One notes the large effect of the optimization scheme on the oscillator strength of the allowed transition in Coulomb gauge. The updated HFR calculation for the intercombination transition is in very good agreement with the present value from the CI calculation.
Hyperfine structure constants obtained from the CI wavefunctions including spinpolarization are displayed in table 6. Both diagonal and off-diagonal parameters are shown. The diagonal and off-diagonal constants show a similar convergence pattern and are fairly stable after three layers of correlation orbitals. The hyperfine constants from the more extensive calculations with correlation orbitals targeted for the particular state seem to be somewhat more accurate than the constants from the spectrum calculation. The differences between the two sets of calculations are however small.
In table 7 the differences S nms , S sms and ρ(0) between the upper and lower state isotope shift parameters in the 5s 2 1 S 0 -5s5p 3 P o 1 transition are shown as functions of the increasing active set of orbitals. The computed quantities converge after three layers of correlation orbitals. Combining the computed differences in electronic quantities with differences in nuclear quantities according to equation (9) we obtain the isotope shift ν = ν 115 − ν 113 . The difference in the root-mean-square radius between 115 In and 113 In is −0.128(8) fm 2 and was taken from Eberz et al [32] . The calculated isotope shift is compared with the experimental shift in table 8. As suggested by Peik et al, the shift is dominated by the volume effect. Accounting for the uncertainties in the difference in the root-mean-square radius the calculated total shift −0.515 GHz is within the error bars of the experiment. The main uncertainty in the calculation comes from S sms . This quantity is sensitive to correlation effects in the core and is known to be extremely difficult to compute accurately. [2] . c Beam-foil (ANDC). Ansbacher et al [7] .
where I is the nuclear spin and F (=I ) is the total angular momentum quantum number. The use of quotation marks in the left-hand wavefunction emphasizes the fact that the notation is just a label indicating the dominant character of the eigenvector. Clearly, the one-photon Table 6 . Magnetic dipole, A, and electric quadrupole, B, hyperfine interaction constants (in Mhz) for 5s5p 3 P o in 115 In from calculations with increasingly large configuration expansions including single excitations from all core shells. The first active set consists of the 5s, 5p-, 5p, 5d-, 5d orbitals in the complex. The active set is then enlarged by up to five layers of correlation orbitals.
Active set [5] . The reduced transition matrix elements can be obtained as square roots of the corresponding line strengths. The phase is such that we have constructive interference. To obtain a good value for the rate, both the hyperfine interaction and the transition matrix elements must be calculated with high accuracy. The off-diagonal magnetic hyperfine interaction constants needed to construct the Hamiltonian matrix elements are state. This value should be compared with the experimental value τ = 0.14(2) s determined by Peik et al [2] . One explanation for the difference between theory and experiment may be that the current calculation underestimates the transition matrix element for the intercombination transition. Another explanation could be that the neglected two-photon decay channel may be important. More work, both theoretical and experimental, is needed to clarify the situation.
Summary and conclusions
We report on relativistic multiconfiguration Dirac-Hartree-Fock calculations of oscillator strengths for electric dipole transitions in In II. In addition hyperfine structure constants and Landé g J -factors are given. On the whole the calculations, that account for core polarization by means of explicit CI, give a good description of the energy structure. The calculated hyperfine magnetic dipole interaction constants are in excellent agreement with constants derived from Fourier transform spectra. For the electric quadrupole interaction constants the situation is different. Here there are substantial differences especially for the 5snd 3 D states. These differences indicate that parameterizations using only diagonal interaction constants are inadequate and that accurate descriptions of the experimental, partly resolved, line profiles must include also off-diagonal contributions [22] .
Looking at the oscillator strengths there is good agreement between the results in the Coulomb and Babushkin gauges. The oscillator strengths from the spectrum calculations were compared with more accurate calculations for the 5s 2 transitions where the correlation orbitals were targeted only on the states in the transition. The agreement between the two different sets of calculations is good, showing that the major correlation effects are captured in the spectrum calculations. The calculated In isotope shift for the 5s 2 1 S 0 -5s5p 3 P o 1 transition is within the experimental error bars. The major uncertainty is the specific mass shift contribution which is very difficult to obtain accurately. Using calculated off-diagonal hyperfine interaction constants and electric dipole transition matrix elements the lifetime for the 5s5p 3 P o 0 state was determined to 0.217 s. The computed lifetime is considerably longer that the experimental lifetime of 0.14(2) s, and the difference may be due to underestimated transition matrix elements.
